The susceptibility to the toxic arrhythmogenic effects of digitalis was studied in to normal dogs (group 1) and in 15 dogs with healed myocardial infarction (group 2) 26 ± 5 days after coronary artery ligation. The dose of ouabain required to cause stable digitalis-toxic ventricular tachycardia was 25% less in the group 2 dogs than in the group 1 control dogs (70 ± 21 versus 93 ± 16 J.tg/kg, probability [p] < 0.01). The average cycle length of the digitalis-toxic ventricular tachycardia was significantly shorter in group 2 than in group 1 (337 ± 47 versus 400 ± 59 ms, p < 0.01). During stable digitalistoxic ventricular tachycardia, the heart was mapped from 14 to 28 (average 18) preselected endocardial sites and from 15 to 30 (average 21) preselected epicardial ventricular sites. In 12 of the 15 dogs from group 2, the site of origin of the digitalis-toxic ventricular tachycardia Recently, several publications (1-3) have suggested that digitalis may have a clinically deleterious effect in patients with ischemic heart disease. These clinical observations are consistent with previous experimental reports (4-13) of increased susceptibility of infarcted hearts to cardiac glycoside intoxication. The purpose of this study is to report on both the increased propensity to and the site of origin of digitalistoxic ventricular arrhythmias m infarcted carune hearts.
Methods
The electrophysiologic response to ouabain intoxication was studied in 10 normal control dogs (group I) and in 15 dogs with healed myocardial infarction (group 2).
From the Mrarm Heart Invutute. Miami Beach. Flonda Manuscnpt received August 10, 1982 : revised manuscript received January 27. 1983 . accepted February 9. 1983 Addre" for reprints. John W. Lister. MD. Miami Heart In-ututc. 4701 North Meridian Avenue. MIamI Beach. Flonda 33140 « 19X3 hy the American College 01 C archology was localized to the infarcted or peri-infarcted area of the left ventricular free wall. Furthermore, in five of these, the site of origin of the tachycardia was further confirmed by pace mapping. In contrast, in none of the 10 control dogs was the site of the ventricular tachycardia located in the left ventricular free wall. In five of these dogs, the left ventricle was mapped by catheter and the site of origin of the ventricular tachycardia was found to be in the left ventricular septum.
These findings are consistent with healed infarcted myocardium serving as a site of predilection for the origin of digitalis-toxic ventricular tachycardia. Our observations add to a growing body of information suggesting that hearts with healed myocardial infarction have an enhanced susceptibility to digitalis intoxication.
Surgical creation of myocardial infarction (group 2). Fifteen mongrel dogs weighing from 15 to 23 kg were anesthetized with sodium pentobarbital. 30 mg/kg intravenously, intubated and ventilated with room air using a Bennet MA-I volume-hmited positive pressure respirator. By performing a left thoracotomy using standard sterile techniques. the heart was exposed and the pericardium opened. The left anterior descending coronary artery just distal to its first diagonal branch and the branches of the circumflex and nght coronary arteries VISible over the surface of the left ventricular apex were ligated (14) . Before ligation, an intravenous bolus of lidocaine. 2 rug/kg. was administered (14.15) . After ligation. when high grade ventricular arrhythmia developed, supplementary intravenous boluses of lidocaine. I to 2 rug/kg. were given as necessary. When the dogs were believed to be in stable condition. the chest was closed and the endotracheal tube removed. Before study, the animals were permitted to recuperate for 26 ± 5 days. There was no weight loss at the time of restudy. During the surgical recovery period. standard postoperative care in-JACC Vol 2. No 1 July 1983'45-51 eluding antibiotic and analgesic administration was rendered (14, 15) . Electrophysiologic studies during ouabain intoxication. All of the dogs were anesthetized, intubated and placed on controlled ventilation as described. The heart was exposed through a median sternotomy and supported in a pericardial cradle. Using 21gauge needles, bipolar plunge electrodes made of Teflon-coated stainless steel wire, 0.005 inch (0.0 13 cm) diameter with the wires bared for approximately 2 mm from the tip, were positioned at 14 to 28 (average 18) predetermined ventricular sites (14) (15) (16) . In 5 of the 10 control dogs, quadripolar electrode catheters were inserted into the left ventricle by means of a femoral arteriotomy to map the septal sites inaccessible to plunge electrodes; catheter electrode positions were verified by fluoroscopy. All electrode terminals were connected to a distribution box that was connected to a photographic oscilloscopic recorder. Figure I shows the selected mapping sites. Ventricular activation times were determined by using the earliest time of onset of the monitored QRS complexes as zero reference. During pace mapping, the pacemaker spike was used as zero reference. Throughout each experiment, electrocardiographic leads II, III and aVL were monitored simultaneously with several electrograms. The electrograms were obtained at filter settings of 40 to 500 Hz. All recordings were at a paper speed of 100 mm/s.
After all electrodes were in place, intravenous ouabain was administered . First. a loading dose of 0.25 mg was given, followed by 10 JLg/kg every 15 minutes until stable uniform ventricular tachycardia occurred. During the ventricular tachycardia, endocardial and epicardial activation maps were obtained. The endocardial activation map was obtained by recording close bipolar electrograms from the endocardial electrodes (average 18); the epicardial activation map was obtained by recording electrograms from 15 to 30 (average 21 ) preselected epicardial sites (Fig. I) with a handheld roving close bipolar electrode with electrodes I mrn apart (16-1 8) . In 5 of the 15 dogs with healed infarction and 5 of the 10 control dogs, pace mapping as described by others (16,17 ,19-22) was used to further confi rm the site of origin of ventricular tachycardia. In addition, the effects of programmed and burst pacing on the tachycardia were noted.
Pathologic study. At the end of each experiment, the animals were sacrificed and the hearts excised for pathologic study. The anatomic extent of the infarction was defined by both gross and histologic examination.
Stati stical anal ysis. All statistical data were subjected to analysis using the chi-square function and unpaired ttest. (Table 1 ). The average dose of ouabain needed to cause stable ventricular tachycardia in the 10 control dogs in group I was 93 ± 16 JLg/kg (Table  I ) versus 70 ± 21 JLg/kg in the 15 dogs with infarction (group 2). Although there was overlap between the two groups in the dose of ouabain required to establish digitalis toxicity, the mean dose used in the infarcted group was signifi cantly less than that in the control group (p < 0.0 I).
Rate of tachycardia (Table 1 ). In the group I dogs, the average cycle length during ventricular tachycardia was longer than the cycle length of the sinus rhythm that preceded ouabain administration (400 versus 395 ms). In the infarcted group, the average cycle length was shorter during ventricular tachycardia than during sinus rhythm (337 versus 365 ms). In both groups, the sinus cycle length before ouabain administration was not significantly different, whereas the ventricular tachycardia cycle length was significantly shorter in the dogs with infarction (p < 0.0 I).
Electrophysio logic Mappin g
The ventricular mapping sites from which epicardial and endocardial electrograms were recorded are shown in Figure  I . Histologic examination of all infarcts showed patchy necrosis in the volume of myocardium affected. Single discrete infarctions were not found. Tachycardia site in left ventricular free wall (infarct area). During digitalis-toxic ventncular tachycardia. electrical activity was recorded from the endocardium or epicardium, or both, before the onset of the monitored surface lead QRS complexes in 12 of the 15 group 2 dogs with chrome myocardial infarction. In all 12 of these dogs, the earliest recorded activity could be localized to the infarcted or peri-infarcted areas of the left ventricular free wall. The first electrical activity recorded was from the endocardium in nine of the dogs; from the epicardium in two of the dogs and from the endocardium and epicardium simultaneously in one dog. In these 12dogs, the earliest endocardial activity recorded varied from -70 to -5 ms and the earliest epicardial activity recorded varied from -60 to + 20 ms. In five of these dogs with chronic myocardial infarction as well as in five control dogs, the site of origin of the digitalistoxic ventricular tachycardia was confirmed by pace mapping. Figures 2 to 4 show typical phase mapping and pace mapping records localizing the site of origin of ventricular tachycardia to the septum in 5 control dogs and to the infarcted or peri-infarcted area of the left ventncular free wall in 12 of the 15 dogs with myocardial infarction. In these 12 dogs, the relation between the site of origin of the digitalis-toxic ventricular tachycardia and the infarcted areas of the left ventricle is shown in Figure 5 .
Tachycardia site in ventricular septum. In the 10 group I control dogs and in 3 of the 15 group 2 dogs with myocardial infarction, electrical activity preceding the onset of the QRS complex could not be recorded from the free wall of the left ventricle. However, in the five control dogs in group I with catheter mapping of the left ventricular septum, the ventricular tachycardia was localized to the left ventricular septum. Typical recordings obtained during ventricular tachycardia in one of these five dogs are shown in Figure 2 . The septal location was further confirmed by pace mapping in all five dogs (Fig. 2) . Thus, none of the tachycardias in the group I control dogs originated in the apex or free wall of the left ventricle, whereas tachycardia did originate in these two areas in 12 of the 15 group 2 dogs. Mechanism of tachycardia. The electrophysiologic mechanism of the digitalis-toxic ventricular tachycardia in all 25 cases appeared to be nonreentrant because in all cases the tachycardia could be overdriven but in no case could ventricular tachycardia be terminated by programmed or burst pacing. This result supports the belief that an automatic focus or triggered automaticity rather than reentry is the cause for tachycardia in both the control and healed infarction groups.
In summary. the major findings were: I) the dose level of ouabain required to cause stable digitalis-toxic ventricular tachycardia was less in the hearts with infarction than in the normal canine hearts (p < 0.0 I); 2) healed infarcted myocardium was a preferential site of origin for digitalis-toxic ventricular tachycardia: 3) all ventricular tachycardia appeared to be due to automaticity or triggered automatically rather than to reentry; and 4) the cycle length of digitalistoxic ventricular tachycardia was shorter in hearts with infarction than in the control hearts (p < 0.01).
Discussion
Role of digitalis in myocardial infarction. It has long been suspected that the infarcted heart has an increased susceptibility to cardiac glycoside toxicity (23) (24) (25) (26) (27) (28) . During the past 5 decades, numerous experimental studies in animal myocardial infarction models (4~13) have suggested an increased sensitivity of the heart to digitalis preparations. These studies demonstrated a significant decrease in the toxic dose of ouabain (range 14 to 43%) needed to cause stable ventricular tachycardia or death compared with that in noninfarcted control hearts. The study of ventricular tachycardia has been greatly facilitated by the development of techniques such as phase mapping of the electrical activation sequence dunng tachycardia. Extensive studies (14 .29,30) have shown that the ventricular tachycardia associated with healed myocardial infarction is due to reentry and usually originates in residual viable cells 111 the infarcted and peri-infarcted areas of the farcted or peri-infarcted areas of the left ventricle suggests that previously damaged myocardium has an increased susceptibility to the arrhythmogenic effect of digitalis. This is further supported by the dose-response data, which showed that the dogs with infarcted myocardium (group 2) had a statistically significant lessening of the ouabain dose needed to induce ventricular tachycardia (Table I) . Features of the ventricular tachycardia. In terms of additional comparisons betweendogs with and without myocardial infarction, the sinus cycle length before ouabain administration was not significantly different. The cycle length of the ventricular tachycardia, however, was significantly shorter in dogs with infarction. Thus. digitalis-toxic ventricular tachycardia has a faster rate in hearts previously damaged by infarction and. therefore, may be more clinically deleterious.
In our experiments. all of the cases of ventricular tachycardia appeared to be due to a nonreentrant mechanism as evidenced by failure of the tachycardia to be reset or terminated by programmed, premature or burst pacing (39, 40) . The alternative, namely, that digitalis-induced ventri cular ectopic beats triggered a reentrant tachycardia, is unlikely when the consistent inability to reset or terminate the tachycardia in all 25 dogs is considered.
Clinical implications. Our observations. as well as those of others. show that hearts with previous myocardial infarc tion have an increased susceptibility to digitalis intoxication. In addition. the damaged area of the myocardium serves as a preferential site of origin for digitalis-toxic ventricular tachycardia. These fi ndings add to the growing body of evidence suggesting that digitalis preparations should be administered with caution and reduced dosage in patients with ischemic heart disease. heart. Digitalis-toxic ventricular tachycardia, however. is thought to be due to enhanced automaticity (increase in spontaneous phase IV depolarization of the action potential [31] [32] [33] [34] [35] [36] or triggered automaticity [delayed afterpotentials], or both [34-36)). Further discussion of the mechanisms involved is beyond the scope of this article. Site of origin of digitalis-toxic ventricular tachycardia. This has been studied in normal dogs. Damato ct al. (37) used electrode catheters to record from the His bundle and bundle branches. Kastor et al. (38) mapped the ventricular epicardium from 40 or more predetermined sites and recorded from the His-Purkinje system through plunge electrodes. In addition, pace mapping was used to help localize the site of origin of ventricular tachycardia (38). Both groups of investigators arrived at a similar conclusion, that is, the apparent site of origin of digitalis-toxic ventricular tachycardia is in the left ventricular His-Purkinje system. Our results are in agreement with these find ings. In none of the 10 control dogs were the site of origin of the digitalis-toxic ventricular tachycardia localized to the free wall of the left ventricle. In the five normal dogs in which left ventricular catheter mapping was performed, the site of the ventricular tachycardia was found to originate in the left ventricular septum. This was further substantiated by pace mapping in all fi ve dogs (Fig. 2) . By comparison, in 12 of the 15 dogs with infarction (group 2). the site of origin of the tachycardia was localized to the previously damaged area of the left ventricular free wall, and in 5 of these cases the site was confi rmed by pace mapping. In the remaining three dogs with infarction, the exact site of origin of ventricular tachycardia was not precisely determined. The predilection for digitalis-toxic ventricular tachycardia to originate from in-
